Abstract-In this paper, a compact and broad-band integrated transition between laminated waveguide in a multilayer low-temperature co-fired ceramic (LTCC) substrate and standard air-filled rectangular waveguide is presented. A parallel inter-coupled two-pole filter equivalent circuit is employed to interpret the working mechanism of the transition and to predict the performance. A -band prototype of the proposed broad-band transition is designed and fabricated in an LTCC substrate. The simulated and measured results of the prototyped transition show good agreement. It has been demonstrated, through the experimental results of the -band prototype that the proposed transition configuration gives an effective bandwidth of over 8% with 15-dB return loss and average 0.4-dB insertion loss over the bandwidth at the frequency band.
I. INTRODUCTION
L OW-TEMPERATURE co-fired ceramic (LTCC) technology offers many advantages to microwave and millimeter-wave applications, such as low losses, high-density integration, and low cost for high-volume production. In addition to a wide range of applications of the technology in RF modules, the development of the laminated waveguide concept [1] by making use of LTCC in millimeter-wave frequency ranges has called tremendous attentions to the engineers in the field. A recent notable work is the grid-like reinforced conducting sidewall structure of the LTCC laminated waveguide using multilayer conducting strips [2] and transitions from the waveguide to various integrated transmission lines [3] .
An effective three-dimensional (3-D) laminated waveguide is constructed by depositing metal planes on the top and bottom surfaces of a multilayered substrate and using grid-like conductive walls as sidewalls. The grid-like reinforced conductive sidewalls in the laminated waveguide comprise a plurality of filled through via-holes disposed at predetermined intervals and a plurality of sub-conductor layers deposited between layers of the dielectric substrate so as to electrically connect the filled viaholes together inside the dielectric substrate. Due to its negligible radiation and low transmission losses, the laminated waveguide is considered as a high-performance transmission line for Manuscript integrated millimeter-wave applications such as integrated antenna array for collision-avoidance radar [4] , [5] . A laminated waveguide can also be used to design some integrated passive components such as a miniaturized ridge waveguide filter [6] , [7] . Nevertheless, in many practical applications, an integrated laminated waveguide module is only a part of a system; it needs to be interfaced with other types of transmission lines. Among them, a conventional air-filled waveguide would likely be a popular one. When a laminated waveguide module is to be connected to an air-filled waveguide in a system, an effective transition between the two different types of transmission line is required. Air-filled rectangular waveguides (RWGs), due to their excellent electric performance, are still essential components in many practical millimeter-wave systems such as the local multipoint distributed system (LMDS). An effective transition that connects a laminated waveguide module with an RWG system would be a compulsory and critical part for overall system design. Since the cross section of a laminated waveguide is much smaller than that of a RWG, due to the high dielectric constant (approximately 7-10) of the filled substrate and the thickness limitation of the laminated waveguide, there is a large dimension mismatch between the two types of waveguides. The mismatch causes tremendous difficulties in impedance matching and energy losses. Therefore, designing a broad-band and compact transition between the two types of waveguides is a fundamental and challenging problem.
Although transition configurations of laminated waveguides to various practical transmission lines, including microstrips/strip lines [3] , [8] and coplanar waveguides [3] , [9] , have been recently reported, to the best knowledge of the authors, no configurations have ever been proposed until now for a laminated waveguide to air-filled waveguide transition.
In this paper, a broad-band integrated laminated waveguide to air-filled waveguide transition is proposed. A prototype of an integrated -band transition between an LTCC laminated waveguide (using Dupont 943 Green Tape) and WR28 waveguide was designed and fabricated for proving the concept. A 2.5-GHz bandwidth defined at 15-dB return loss is obtained for the transition at a center frequency of 29 GHz. The experimental result correlates well with the electromagnetic (EM) designed performance. An average insertion loss of 0.4 dB is observed from the experimental results for the prototyped transition, demonstrating its promising low-loss and broad-band features. Such a transition provides a broad-band, compact, and low-cost interface for LTCC integrated laminated waveguide modules. 
II. CONFIGURATION OF THE TRANSITION AND ITS
WORKING MECHANISM Fig. 1 shows the 3-D structure of the proposed multilayered transition. The top and bottom layers of the LTCC module are fully covered by metal, except a rectangular aperture on the bottom layer. The aperture that is called the input coupling aperture thereafter has the same size as the inner cross section of the air-filled waveguide connected to the LTCC laminated waveguide module. The microwave energy is transferred between an air-filled waveguide and laminated waveguide regions through the input-coupling aperture. As shown in Fig. 1 , inside the LTCC module, separated by a partition conductive wall, two parallel laminated waveguides are formed and excited by the input-coupling aperture. The two laminated waveguides are shorted at one end and connected to a single laminated waveguide port on the other end through a branch structure. In Fig. 1 , 0 and 5 denote the air-filled waveguide and the single laminated waveguide, respectively, and 1-4 denote four equivalent resonators, which will be explained below in detail, inside the shielded transition region.
Being filled by a high-permittivity LTCC substrate, and being shielded by conductive top and bottom layers, as well as conductive via-hole walls, two parallel resonator chains, which are separated by the partition wall, are effectively constructed inside the transition. As shown in Fig. 1 , each resonator chain effectively comprises two series connected quasi-half-wavelength resonators. The definition of each of equivalent resonators and the associated variables of the transition are shown in Fig. 2 for convenience of the discussion.
In Fig. 2 , the rectangle frame with length and width denotes the input-coupling aperture. From the shorting wall C-C′ to the reference line B-B′, a pair of quasi-half-wavelength waveguide resonators denoted as 1 and 2 are formed. These two resonators are excited in phase by the input-coupling aperture and are inter-coupled through a mutual coupling aperture located on the partition wall. By removing part of metal strips on some sub-conductor layers and correlative filled via-holes, the mutual coupling aperture is created on the partition wall. The mutual coupling aperture with height and length is more apparently shown in Fig. 3 , which illustrates the side view of the transition along bisection line D-D′. The thickness of the partition wall is denoted as , as shown in Fig. 2 . Obviously, and affect the coupling between the air-filled waveguide and laminate waveguide and also affect the mutual coupling between the resonators inside the LTCC substrate.
Another pair of laminated waveguide resonators denoted as 3 and 4 are formed between reference line B-B′ and the branch junction, which also provides a coupling between the two resonators. Again, this pair of resonators are excited by the input-coupling aperture and coupled with each other via the mutual coupling aperture. Note that the couplings between the input coupling aperture and resonators 3 and 4 are negative with respect to those between the input coupling aperture and resonators 1 and 2 because of the nature of the -plan -junction.
According to the coupling relations discussed above, the equivalent-circuit model shown in Fig. 4 can be employed to predict the performance and explain the working mechanism of the transition. In the equivalent circuit, each LC loop represents the corresponding resonator in the transition structure. The coupling coefficients , , , and denote the couplings between air-filled waveguide and resonators 1-4, respectively, and the coupling coefficients and denote the couplings between the laminated waveguide port and resonators 3 and 4, respectively. The coupling coefficients , , , and signify the mutual coupling between the four resonators. As a matter of fact, due to the symmetry of the transition, a magnetic wall is present in the plane D-D′ (Fig. 2) . Therefore, no power crosses this plane. Here, the coupling coefficients and are only used to present the loading effect of the mutual coupling aperture. As shown in Fig. 4 , resonators 1 and 3 and 2 and 4 form a pair of two-pole filters, respectively. According to the circuit model, there will be two reflection zeros within the passband and a transmission zero in the finite frequency region. The finite transmission zero is caused by the cross-couplings of and . Due to the symmetry of the structure along D-D′, it is obvious that , , , and . By designing the coupling matrix of the equivalent circuit appropriately, a desired passband performance can be obtained. A simulated transition response is shown in Fig. 5 with a specific coupling matrix, in which , , , , , and . The center frequency and bandwidth used to simulate the response are 29 and 1.6 GHz, respectively.
III. EM SIMULATION AND DESIGN OF THE TRANSITION
By comparing the equivalent-circuit model with the physical structure of the transition, one can observe that: 1) changing can control coupling coefficients , as well as and ; 2) determines the resonant frequency of resonators 1 and 2; altering can also control the coupling coefficients and , as well as and ; and 3) affects the resonant performance of the resonators 3 and 4; tuning can also control the coupling coefficient and . It is obvious that and determine the performance of the branch so these two values can be simply designed for an optimized branch. Therefore, design of a transition becomes a matter of designing and . In order to determine the dependence of the transition performance on the resonator length and the height of the mutual coupling aperture, a numerical parametric study is performed with Ansoft HFSS, a full-wave finite-element method 3-D EM simulator. A WR28 waveguide is used in the study as an air-filled waveguide whose cross-sectional dimension is 7.11 3.56 mm . The laminated waveguide with a cross-sectional dimension of 3.56 0.89 mm is chosen by using eight layers of Dupont 943 Green Tape with and . A piece of a 3-mm-long air-filled waveguide and a piece of a 5-mm-long laminated waveguide are incorporated in the transition model of the EM simulation. A full conductor wall transition modal is used in the parametric study.
Figs. 6 and 7 show the simulated results of the magnitude of -parameters of the transition by varying and , respectively. As can be observed, the two reflection zeros can be separately controlled by and . This is because, as the resonator length increase, the corresponding resonating frequency decreases, and its corresponding reflection zero shifts down. This feature can be used to control the bandwidth of the transition.
As interpreted above, adjusting the length of the two pairs of resonators also affects the coupling coefficient -, which causes a change of the matching at the same time. To obtain a desired passband performance at a predestined center frequency, the height should be adjusted to cooperate with and to achieve the broadest bandwidth. Fig. 8 shows three passband responses with three groups of and values. The center frequency is shifted from 30.5 to 28.5 GHz, while all three length increase.
It can be concluded, from the above discussion, that by adjusting , , and , one can design a transition with a broad bandwidth at the desired center frequency. The simulated results also reveal that over 11% bandwidth with a return loss of better than 15 dB and an insertion loss of better than 0.3 dB can be obtained by the proposed transition structure.
IV. EXPERIMENTAL RESULTS
A prototype of the proposed transition working in the LMDS frequency band was designed at a center frequency of 29 GHz. In order to facilitate the measurement, two testing modules were fabricated and measured to verify the overall performance of the transition. One module is a back-to-back configuration with two laminated waveguide ports of two identical transitions connected with a piece of 14.22-mm-long laminated waveguide in between. Another module is a single transition with an absorbing terminal at the laminated waveguide port. All transition ports of the two modules are interfaced with WR28 waveguides.
The transition modules were built on an eight-layer LTCC tile. Metal strips with a width of 0.14 mm are employed to connect the via-holes of 0.09 mm in diameter to form effective conducting waveguide sidewalls. The center-to-center via pitch of the waveguide walls is 0.38 mm. The other dimensions are (unit: mils) , , , , and . Fig. 9 shows a photograph of the back-to-back transition module and the single transition module. WR28 waveguide flanges have been mounted on the panel to interface the modules.
The -parameters of the transition modules are directly measured using an HP8510C vector network analyzer. A careful thru-reflect line (TRL) calibration was used to move the reference planes to the interface surface of the waveguide flanges. The measured reflection coefficient of the single transition module is superposed with that of the EM designed structure, in which the actual grid-like conducting sidewalls were used, as shown in Fig. 10 . Good correlation between the two results can be observed. The measured bandwidth is approximately 2.5 GHz with a return loss below 15 dB. A slight frequency shift and a bandwidth reduction might be caused by a slight offset of dimension in the prototype hardware. Fig. 11(a) shows the comparison of the simulated and measured return losses of the back-to-back module. Good correlation between the measured and EM simulation results are obtained.
The simulated and measured insertion losses of the back-to-back module are shown in Fig. 11(b) , which also shows good correlation. The good correlation confirms the validation of the loss model used in the EM simulation and indicates that EM simulation can provide a fair estimation of insertion loss for the transition. As a matter of fact, because of unequal waveguide interfaces of the transition, it is difficult to experimentally characterize the insertion loss of a single transition. Therefore, EM simulated insertion loss, which has been validated indirectly by the back-to-back module, is used to characterize the transition, which is also superposed in Fig. 11(b) . It can be observed that the insertion loss of a single transition can be as low as 0.3 dB from 28.2 to 31.0 GHz. Accounting for a slight underestimation of insertion loss learned from the difference between the simulated and measured results of the back-to-back module, it can be concluded that an average insertion loss of a single transition should be better than 0.4 dB in the whole passband. It should be mentioned that the insertion loss also includes insertion losses dissipated in a piece of 3-mm-long WR28 waveguide and a piece of 5-mm laminated waveguide.
V. CONCLUSIONS
A broad-band and compact laminated waveguide to air-filled waveguide transition has been proposed and fully investigated both theoretically and experimentally. The transition configuration is tailored to multilayer structures and can be easily integrated with any laminated waveguide integrated module for high-volume productions. In order to further interpret the transition configuration and provide a design guideline, an equivalent-circuit model is also proposed. The simulated results of the equivalent-circuit model and that of a full-wave EM model are very consistent with respect to the experimental results. The working principle of the transition interpreted by a pair of two-pole coupled resonators can also be used in designing other types of transition.
With its attractive features, the transition will be widely used in various wireless and radar systems where an integrated module with a laminated waveguide interface needs to be interconnected with an air-filled waveguide interfaced module.
